Introduction
============

Gastric cancer is the fifth most common cancer worldwide and the third leading cause of cancer-related deaths.[@b1-ijn-11-3023] Based on the results of a recent study, more than 900,000 new cancer cases and approximately 700,000 cancer deaths are estimated to have occurred in 2012.[@b1-ijn-11-3023],[@b2-ijn-11-3023] These data indicate that gastric cancer is a serious public health problem worldwide, especially in Eastern Asia. Current methods are far from satisfactory for doctors and patients, because the survival rate for gastric cancer remains at 20%--30%[@b3-ijn-11-3023] even when surgery, chemotherapy, and radiotherapy are combined. The invasion and metastasis are the major cause of mortality in gastric cancer patients. It is therefore urgent that effective therapeutic methods for inhibiting the migration and proliferation of gastric cancer are established.

In the past decades, nanomaterials with various kinds of unique characteristics[@b4-ijn-11-3023]--[@b7-ijn-11-3023] have shown great potential in solving clinical problems that the traditional biological strategies could not handle.[@b8-ijn-11-3023]--[@b10-ijn-11-3023] Particularly, nanomaterials have been well explored in the field of cancer research. For example, iron oxide nanoparticles, gold nanoparticles, and copper-alloyed gold nanoparticles have been used for cancer imaging.[@b11-ijn-11-3023] Gold nanoparticles, polymer nanoparticles, and polymersomes have been widely used as carriers for the delivery of anticancer drugs. Gold-coated FeO nanoroses, gold nanoclusters, and SiO2\@GN-serum composites have been directly used as anticancer reagents.[@b11-ijn-11-3023]--[@b13-ijn-11-3023] Within these nanomaterials, the cancer inhibition reagents are of great importance as they hold the potential of substituting chemical reagents, which are usually associated with serious side effects. However, the development of cancer is a complicated process involving numerous signaling pathways. A useful nanomaterial for cancer therapy should have the capability to interfere in one or more of these signaling pathways.

It is well known that the oxygen and reactive oxygen species (ROS) are very important in cancer development. Therefore, the nanomaterials that can effectively modulate intracellular oxygen and ROS would be potentially useful in cancer therapy. Recently, it has been reported that cerium oxide nanoparticles (CNPs) could mimic several kinds of enzyme activity, including superoxide oxidase, catalase, oxidase, and phosphatase because of the coexistence of Ce^3+^ and Ce^4+^ at the nanoparticle surface.[@b14-ijn-11-3023] Because the function of these enzymes is to regulate the intracellular oxygen and ROS levels, the CNPs might have the ability to interfere in cancer development. This technique has been preliminarily attempted by several studies. For example, CNPs could induce cytotoxicity and oxidative stress in human lung cancer cells.[@b15-ijn-11-3023] CNPs could also inhibit melanoma (518A2) and colorectal adenocarcinoma (HT-29) cell lines.[@b16-ijn-11-3023] However, the effects of CNPs on human gastric cancer cells have not been investigated to date.

In this study, we explored the effect of CNPs on the migration and proliferation of human gastric cancer. We found that CNPs could promote the expression of putative ATP-dependent RNA helicase DEAH (Asp-Glu-Ala-His) box helicase 15 (DHX15), which is one of the DEXD/H box helicase family that plays important roles in the innate immune response against viral infection. The increased expression of DHX15 in turn activates p38 MAPK signal pathway, leading to the inhibition of proliferation and metastasis in gastric cancer in vitro and in vivo.

Materials and methods
=====================

Synthesizing the CNPs
---------------------

CNPs were synthesized using a thermal decomposition method. Cerium nitrate was used as the precursor. The details of the procedure have been previously described.[@b17-ijn-11-3023] The characteristics of the synthesized CNPs were as follows: 1) core size: approximately 3 nm and 2) zeta potential: −18 mV ([Supplementary figures; Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=103648.pdf)).

Cell cultures and stimulation with CNPs
---------------------------------------

The BGC823 and MKN28 gastric cancer cell lines were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, People's Republic of China). They were cultured in Dulbecco's Modified Eagle's Medium (high glucose) (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA). Both gastric cancer cell lines were cocultured with various concentrations of CNPs (0, 0.01, 0.1, 0.5, 1, and 10 µg/mL) for 3 days. All experimental procedures were approved by the Institutional Review Board of the Third Military Medical University.

Cell migration and proliferation assays
---------------------------------------

Transwell (Millipore, Billerica, MA, USA) assays were used to measure migration. After the cells were cocultured for 72 hours with various concentrations of CNPs, 1×10^4^ BGC823 and MKN28 cells were seeded into the upper chamber in serum-free culture medium. Medium supplemented with 10% serum was added to the lower chamber (the medium in the lower well also contained the appropriate concentration of CNPs). After 24 hours of incubation, the cells were fixed and stained using 0.05% crystal violet. The number of cells that migrated from the upper chamber to the lower chamber was counted using a light microscope. Cells were counted in five random views in each experiment, and the assays were carried out three times.

A Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan) was used for the proliferation assay. A total of 2×10^3^ BGC823 or MKN28 cells were plated in 96-well plates with different concentrations of CNPs. At previously determined time points, the numbers of cells were measured at an absorbance of 450 nm. Each data point is represented as the mean ± standard deviation (n=3).

Gene expression microarray analysis
-----------------------------------

MKN28 cells were cocultured with CNPs at different concentrations (0, 0.01, and 10 µg/mL). A 1 mL volume of Triol (TaKaRa, Kusatsu, Japan) was then added. The mixtures were sent to the Genminix Biological Company (Shanghai, People's Republic of China) for microarray analysis. Affymetrix GeneChip Human transcriptome assays 2.0 (Affymetrix, Santa Clara, CA, USA) were used for the gene expression microarray analyses. The Genminix Biological Company performed the bioinformatics analysis. Microarray data were uploaded to the Gene Expression Omnibus.

Western blot analysis
---------------------

Glyceraldehyde 3-phosphate dehydrogenase antibodies were obtained from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). DHX15 antibodies were obtained from Abcam (Cambridge, UK). p38, p65, phosphor-p38, and phosphor-p65 antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). An ECL chemiluminescence kit was purchased from Thermo (Fisher Scientific). Assays for each gene expression were examined three times, using three different batches of cell samples (biological replicates). The protein bands in the Western blots were quantified using densitometry analysis in Quantity One software Quantity One v4.4.0.36 (Bio-Rad, Hercules, CA, USA), and then the data were analyzed by using Prism 6.0 software (GraphPad, La Jolla, CA, USA). Each data point represents the mean ± standard deviation (n=3).

Real-time polymerase chain reaction assays
------------------------------------------

Messenger RNA (mRNA)-specific primers were designed by the Shanghai Biotechnology Company (Shanghai, People's Republic of China). Total RNA was extracted using the TRIZOL method (Thermo Fisher Scientific) according to the manufacturer's instructions. cDNA was synthesized using a PrimeScript RT Reagent Kit (TaKaRa), and quantitative real-time polymerase chain reaction (RT-PCR) was performed using SYBR Premix Ex Taq (TaKaRa). Assays for each gene expression were examined three times, using three different batches of cell samples, and the data were analyzed using Prism 6.0 software (GraphPad).

Immunofluorescence to analyze protein localization
--------------------------------------------------

Cells were cocultured with different concentrations (0.01 and 10 µg/mL) of CNPs for 3 days and then seeded on coverslips and grown to 80% confluence. The cells were washed once with phosphate-buffered saline (PBS), and 4% paraformaldehyde was used to fix the cells for 10 minutes at room temperature. The cells were solubilized in 0.5% Triton-X100 in PBS for 15 minutes. Then, the cells were incubated in 5% bovine serum albumin for 30 minutes at room temperature followed by an overnight incubation with primary anti-DHX15 (Abcam), anti-p38 (CST), or anti-p65 (CST) antibodies at 4°C. The secondary antibodies that were used were Alexa Fluor 647 goat-anti rabbit IgG, which was applied at a 1:100 dilution for 1 hour. 4′,6-Diamidino-2-phenylindole (DAPI) was used to stain the cell nuclei.

Transmission electron microscopy
--------------------------------

Cells were cocultured with different concentrations of CNPs (0, 0.01, and 10 µg/mL) and then fixed using 2.5% glutaraldehyde and 1% osmic acid. The samples were dehydrated in a series of ethanol washes (50%, 70%, 90%, and 100%). The samples were then embedded and stained. Transmission electron microscopy (TEM) was used to locate the CNPs in these samples.

Flow cytometry to analyze apoptosis
-----------------------------------

MKN28 and BGC823 cells were cocultured with different concentrations of CNPs. The cells were then harvested to analyze apoptosis using flow cytometry. The effects of different concentrations of CNPs on the cells were detected using flow cytometry according to the instructions in the operation manual for the Fluorescein isothiocyanate (FITC)--Annexin V/Dead Cell Apoptosis Kit (with FITC annexin V and propidium iodide (PI) for flow cytometry) (Thermo Fisher Scientific). Each data point represents the mean ± standard deviation (n=3).

Flow cytometry to analyze ROS
-----------------------------

MKN28 and BGC823 cells were cocultured with different concentrations (0, 0.01, and 10 µg/mL) of CNPs. The cells were harvested after they reached 80% confluence. The ROS levels in the MKN28 and BGC823 cells were detected using flow cytometry, according to the operation manual for MitoSOX™ Red Mitochondrial Superoxide Indicator (Thermo Fisher Scientific). Each data point represents the mean ± standard deviation (n=3).

Immunofluorescence to analyze ROS
---------------------------------

Cells were seeded on coverslips and cocultured with different concentrations of CNPs (0, 0.01, and 10 µg/mL). Then, the cells were washed once with PBS and then cocultured with MitoSOX™ Red Mitochondrial Superoxide Indicator (Thermo Fisher Scientific) for 30 minutes at 37°C. PBS was then used to wash the cells, and 4% paraformaldehyde was used to fix the cells for 10 minutes at room temperature. DAPI was used to stain the cell nuclei. The ROS levels in the MKN28 and BGC823 cell cultures were detected using immunofluorescence.

Gastric cancer xenograft assays
-------------------------------

This study was performed in accordance with the National Institutes of Health (NIH) Animal Use Guidelines and a protocol that was approved by the Southern Illinois University (SIU) Animal Care Committee. All experimental procedures were approved by the Institutional Review Board of the Third Military Medical University. Each group contained five nude mice. The nude mice were kept in the SPF (specific-pathogen free) environment. The animals were housed with standard chow and water ad libitum, and sustained on a 12 h: 12 h light and dark cycle at a temperature of 21\~25°C. For the gastric cancer xenograft experiments, 0.1 mL of PBS containing a total number of 1×10^6^ MKN28 (BGC823) cells that had been cocultured with different concentrations (0.01 and 10 µg/mL) of CNPs was injected subcutaneously into the right axillae of 4-week-old male nude mice. The mice were divided into two groups (a 0.01 µg/mL group and a 10 µg/mL group). In the control group, 1×10^6^ of MKN28 (BGC823) cells that were not cocultured with CNPs were injected into the left axillae. A volume of 50 µL of PBS that contained CNPs (0.01 or 10 µg/mL) was injected into the tumor site every 3 days. A volume of 50 µL of PBS was injected at the same time into the left axillae. After 6 weeks, the mice were euthanized, and the tumors were harvested, weighed, and measured.

Gastric cancer metastasis assays
--------------------------------

For the peritoneal metastasis assays, 4-week-old male nude mice were peritoneally injected with 0.1 mL of a single cell suspension of 1×10^6^ MKN28 (BGC823) cells that had been cocultured with different concentrations of CNPs (0, 0.01, and 10 µg/mL). A total of 30 mice were divided into two groups, each containing three subgroups (0, 0.01, and 10 µg/mL groups). A volume of 50 µL of PBS that contained CNPs (0, 0.01, or 10 µg/mL) was injected into the peritoneal cavity of each group every 3 days. After 6 weeks, the mice were euthanized, and tumors were counted.

Statistical analysis
--------------------

All data are presented as the mean ± standard error (SE), and analyses were performed using Prism 6.0 software (Graph-Pad). Independent-samples *t*-tests were used to compare two groups, and one-way analysis of variance (ANOVA) was used to compare three or more groups. *P*\<0.05 was considered statistically significant.

Results
=======

CNPs reduced migration and proliferation in gastric cancer cells in vitro
-------------------------------------------------------------------------

In our study, we first explored whether CNPs would inhibit the migration ability of gastric cancer cells. We chose 0.01, 0.1, 0.5, 1, and 10 µg/mL CNP concentrations for these experiments. Both MKN28 and BGC823 cells were cocultured with different concentrations of CNPs for 3 days. The CNPs inhibited the migratory ability of MKN28 and BGC823 cells compared to the results in the control group ([Figure 1A](#f1-ijn-11-3023){ref-type="fig"}). Moreover, we observed that this inhibitory effect was dose-independent ([Figure 1B and C](#f1-ijn-11-3023){ref-type="fig"}).

We next measured proliferation in gastric cancer cells that were cocultured with different concentrations of CNPs. Interestingly, the results of these assays were different from those in the migration assays. We found that cell proliferation was inhibited only in the group treated with a high concentration of CNPs (10 µg/mL) ([Figure 1D](#f1-ijn-11-3023){ref-type="fig"}). The other treatment groups (0.01, 0.1, 0.5, and 1 µg/mL) showed no significant changes toward either promotion or inhibition compared to the control group (0 µg/mL). Recently, Hussain et al[@b18-ijn-11-3023] reported that CNPs induced apoptosis in human peripheral blood monocytes. We therefore sought to determine whether CNPs would influence apoptosis in gastric cancer cells. We analyzed the cells using flow cytometry and found that CNPs had no effect on apoptosis in either the MKN28 or the BGC823 gastric cancer cells ([Supplementary figures; Figure S2](http://www.dovepress.com/get_supplementary_file.php?f=103648.pdf)).

These data suggest that CNPs inhibit the migratory ability of gastric cancer cells at a broad range of concentrations, whereas only a high concentration (10 µg/mL) of CNPs inhibits proliferation in these cells.

The location of CNPs in gastric cancer cells
--------------------------------------------

We have found that CNPs inhibited migration and proliferation in gastric cancer cells, but the mechanism underlying this effect remained unclear. We therefore sought to determine whether CNPs can enter gastric cancer cells. As shown in [Figure 1](#f1-ijn-11-3023){ref-type="fig"}, we focused on two concentrations (0.01 and 10 µg/mL) of CNPs in the experiments aimed at exploring the localization of CNPs in cocultured gastric cancer cells. Using TEM, we found that the CNPs were localized in the lysosomes of the cells ([Figure 2](#f2-ijn-11-3023){ref-type="fig"}). We did not observe CNPS that were localized in other parts of the cells in our samples. This result indicates that CNPs localize in the lysosomes of gastric cancer cells in cocultures.

CNPs increase the expression of DHX15
-------------------------------------

To further explore the mechanism by which CNPs inhibit proliferation and migration in gastric cancer cells, we used an mRNA expression microarray (HTA 2.0) to determine which genes showed change in their levels. According to the microarray results (Gene Ontology \[GO\] analysis and Pathway analysis) ([Figure 3A and B](#f3-ijn-11-3023){ref-type="fig"}), the genes associated with CNPs mainly related to the Spliceosome and MAPK pathways. We then selected the genes that were upregulated or downregulated in both groups (0.01 µg/mL group and 10 µg/mL group) compared to the control group ([Figure 3C](#f3-ijn-11-3023){ref-type="fig"}). According to the observed fold changes and significance (*P*\<0.05), we chose the first three genes (*DHX15, TRIP12*, and *EIF4G2*) as the candidate genes. In addition, qRT-PCR showed that only DHX15 was upregulated in gastric cancer cells that were cocultured with CNPs (0.01 and 10 µg/mL) ([Figure 3D](#f3-ijn-11-3023){ref-type="fig"}). Western blot analysis also showed that the expression of DHX15 was upregulated ([Figure 3E and F](#f3-ijn-11-3023){ref-type="fig"}). These results indicate that CNPs activate the expression of DHX15 while simultaneously inhibiting proliferation and migration in gastric cancer cells.

Genes downstream of DHX15 were activated by CNPs
------------------------------------------------

We found that CNPs upregulated the expression of DHX15, which is a type of putative ATP-dependent RNA helicase that has been implicated in pre-mRNA splicing. Currently, no other studies have described a nanomaterial that influences the expression of DHX15.

Studies have shown that DHX15 activates the MAPK signaling pathway during antiviral responses.[@b19-ijn-11-3023] We therefore sought to determine whether the MAPK signaling pathway was also activated according to the results of our microarray analysis ([Figure 3B](#f3-ijn-11-3023){ref-type="fig"}). As expected, we found that the expression of p38 was increased after cells were cocultured with CNPs ([Figure 4A and B](#f4-ijn-11-3023){ref-type="fig"}). In addition, we also found that CNPs increased the expression of DHX15 and p38 in immunofluorescence experiments ([Figure 4E and F](#f4-ijn-11-3023){ref-type="fig"}). These results indicated that CNPs may increase the expression of DHX15 and its downstream signal pathways, including the MAPK signal pathway. Interestingly, despite the increase in the total expression of p38, we also observed that the phosphorylation status of p38 was decreased ([Figure 4C and D](#f4-ijn-11-3023){ref-type="fig"}), and p38 was more localized in the cytosol, after being cocultured with the CNPs ([Supplementary figures; Figure S3](http://www.dovepress.com/get_supplementary_file.php?f=103648.pdf)).

As many reports have shown, CNPs influence ROS. We therefore explored whether the increase of DHX15 induced by CNPs was caused by an increase of ROS. However, using immunofluorescence and flow cytometry, we found that ROS levels in gastric cancer cells were not changed after the cells were cocultured with different concentrations of CNPs ([Supplementary figures; Figures S4 and S5](http://www.dovepress.com/get_supplementary_file.php?f=103648.pdf)). These data suggested that the increase in DHX15 in gastric cancer cells was not associated with ROS levels.

We then explored the time point at which DHX15 was activated after CNPs were added to the cells. We found that the DHX15 activation time points were different in MKN28 and BGC823 cells ([Figure 4G and H](#f4-ijn-11-3023){ref-type="fig"}). In MKN28 cells, the expression of DHX15 was activated at 12 hours after CNPs were added, whereas in BGC823 cells, DHX15 was activated at 48 hours after CNPs were added. This difference may be due to differences in the uptake of CNPs in different gastric cancer cell lines.

A high concentration of CNPs reduced tumor growth in vivo, while low concentration of CNPs had no effect
--------------------------------------------------------------------------------------------------------

Our results showed that a high concentration of CNPs (10 µg/mL) modulated gastric cancer cell growth in vitro. We therefore investigated whether CNPs could inhibit gastric cancer cells in vivo. MKN28 (BGC823) cell suspensions (1×10^6^) that were cocultured with different concentrations of CNPs (0.01 and 10 µg/mL) were injected into the right axillae of nude mice ([Figure 5A, B, D, and E](#f5-ijn-11-3023){ref-type="fig"}). The same number of untreated (not incubated with CNPs) cells were injected into the corresponding left axillae of nude mice in the control group. As the results show, a high concentration of CNPs inhibited gastric cancer growth and reduced tumor volumes ([Figure 5B and E](#f5-ijn-11-3023){ref-type="fig"}), while a low concentration of CNPs had no effect ([Figure 5A and D](#f5-ijn-11-3023){ref-type="fig"}). Tumor weights were also measured, and we found that only a high concentration of CNPs reduced tumor weights ([Figure 5C and F](#f5-ijn-11-3023){ref-type="fig"}). We also found that the expression of DHX15 was higher in the tumors, which were treated with different concentrations of CNPs ([Figure 5G](#f5-ijn-11-3023){ref-type="fig"}). The data were in agreement with the results of in vitro proliferation assays, suggesting that a high concentration of CNPs inhibits gastric cancer cell growth, while a low concentration of CNPs has no effect.

CNPs inhibit GC cell metastasis in vivo
---------------------------------------

We further explored whether CNPs inhibit migration in gastric cancer cells in vivo. MKN28 (or BGC823) cells that were cocultured with CNPs (0.01 and 10 µg/mL) were injected into nude mice via peritoneal injection. The same amount of untreated gastric cancer cells (not cocultured with CNPs) were injected into the other five nude mice in the control group ([Figure 6A](#f6-ijn-11-3023){ref-type="fig"}). The nude mice were euthanized 6 weeks later, and the number of metastatic tumors was counted ([Figure 6B and C](#f6-ijn-11-3023){ref-type="fig"}). We found that there were fewer metastatic tumors in the CNP-treated groups (both the high-concentration group and the low-concentration group) than there were in the control group. This assay suggested that the peritoneal metastatic ability of MKN28 and BGC823 cells was inhibited after the cells were cocultured with CNPs. We conclude that CNPs suppress the metastatic potential of gastric cancer cells.

Discussion
==========

Because the effects and mechanism of CNPs in organic systems are not fully understood, the enthusiasm of researchers remains high. Asati et al[@b20-ijn-11-3023] reported that the surface charge of a CNP could determine its localization and function in a cellular environment. Babu et al[@b14-ijn-11-3023] reported that CNPs could be used as a potentially antibacterial nanomaterial in vivo. Moreover, CNPs have been shown to be potentially effective drugs for treating different types of cancer, such as melanoma,[@b21-ijn-11-3023] pancreatic cancer,[@b22-ijn-11-3023] and colorectal cancer.[@b16-ijn-11-3023] It has been reported that CNPs may protect gastrointestinal epithelial cell lines (normal human colon cells, CRL 1541) from radiation-induced damage by reducing the levels of ROS.[@b23-ijn-11-3023] However, few reports have explored the effects of CNPs on gastric cancer cells.

In the present study, we have shown that CNPs inhibit human gastric cancer cell migration in vitro and in vivo, which is not a dose-dependent effect because no significant difference exists between the low-concentration group (0.01 µg/mL) and the high-concentration group (10 µg/mL) in the results of Transwell assays and the peritoneal metastasis assays. Interestingly, we also found that only the high concentration (10 µg/mL) of CNPs suppressed proliferation of gastric cancer cells according to the result of CCK8 assays and xenograft assays. A low concentration (0.01 µg/mL) of CNPs had no effect on the proliferative ability of the cells. These data suggested that CNPs could be potentially effective agents to treat gastric cancer.

We also found that CNPs were localized in the lysosomes of gastric cancer cells ([Figure 2](#f2-ijn-11-3023){ref-type="fig"}). According to Asati et al,[@b20-ijn-11-3023] positively charged and negatively charged CNPs are more likely to be taken up into lysosomes, whereas CNPs that are neutral in charge were localized in the cytoplasm when the CNPs were cocultured with cells. In this study, we focused on the CNPs that carry a negative charge, and our results are therefore in agreement with those of Asati et al.[@b20-ijn-11-3023]

Most reports have shown that CNPs influence biological systems through redox reactions. Pagliari et al[@b24-ijn-11-3023] reported that CNPs protect cardiac progenitor cells from oxidative stress without affecting cell growth and functions. Rubio et al[@b25-ijn-11-3023] also found that CNPs could be used as a pharmacological agent to combat oxidative stress, because it has regenerative free radical--scavenging properties. However, our study shows that the ROS levels in gastric cancer cells did not change after the cells were cocultured with CNPs ([Figures S4 and S5](http://www.dovepress.com/get_supplementary_file.php?f=103648.pdf)), indicating that a ROS-independent mechanism may be involved in the effects that were induced when gastric cancer cells were cocultured with CNPs. This result is similar to the results in Hussain et al.[@b18-ijn-11-3023] Hussain et al[@b18-ijn-11-3023] found that CNPs increased apoptosis-inducing factor (AIF) but did not increase the production of ROS.[@b18-ijn-11-3023] We used a microarray to explore the details of the implicated mechanism. We found, for the first time, that CNPs increase the expression of DHX15 based on the results of our microarray and Western blot analyses. DHX15 is an RNA helicase that has been implicated in pre-mRNA splicing. Recently, Wang et al[@b26-ijn-11-3023] reported that NIrp6-bound viral RNA via DHX15 during intestinal antiviral innate immune responses. Their study also showed that RBM5, a tumor suppressor, directly interacted with DHX15 and stimulated its activity.[@b27-ijn-11-3023] These results indicate that DHX15 is very important to biological systems, because it is a component of spliceosomes. In our study, we observed that the expression of DHX15 was increased after cells were cocultured with different concentrations of CNPs ([Figure 3E and F](#f3-ijn-11-3023){ref-type="fig"}). In addition, we found that the activation of DHX15 occurred earlier in MKN28 cells than in BGC823 cells ([Figure 4G and H](#f4-ijn-11-3023){ref-type="fig"}). We also observed that the downstream effectors of DHX15 were activated, including an increase in the expression of p38 MAPK ([Figure 4A and B](#f4-ijn-11-3023){ref-type="fig"}). A study showed that DHX15 activates the p38 MAPK and NF-κB signaling pathways during the RNA virus response.[@b19-ijn-11-3023] We also found that the level of p65 was increased after cells were cocultured with CNPs, but the phosphorylation status of p65 was low, and p65 was more localized in the cytosol ([Supplementary figures; Figures S3 and S6](http://www.dovepress.com/get_supplementary_file.php?f=103648.pdf)). Furthermore, AKT-mTOR-S6RP and Jnk were also involved in regulating cell proliferation, and we found that there was no change in AKT and c-jun expression after coculturing with CNPs ([Supplementary figures; Figure S7](http://www.dovepress.com/get_supplementary_file.php?f=103648.pdf)).

The role of p38 MAPK signaling pathway in cancer is complicated. It can act as either a tumor suppressor or a tumor activator in different types of cancer.[@b28-ijn-11-3023],[@b29-ijn-11-3023] Recently, Zhong et al[@b30-ijn-11-3023] reported that the activation of the p38 MAPK pathway induced autophagy in HeLa cells. The activation of the p38 MAPK signaling pathway was also shown to inhibit the proliferation and migration of gastric cancer cells, as reported by Hao et al.[@b31-ijn-11-3023] Interestingly, Wang et al[@b32-ijn-11-3023] also reported that carbon nanotubes that carried a potent anticancer ruthenium polypridyl complex antagonize multidrug resistance in cancer cells by activating the downstream p38 MAPK signaling pathway. Moreover, recent studies have also shown that neuropilin-1-targeted gold nanoparticles enhanced the effect of platinum(IV) in prostate cancer by upregulating the protein level of NF-KB (p65) and its DNA binding ability.[@b33-ijn-11-3023] According to the results of this and other recent studies, we believe that CNPs inhibit proliferation and migration of cancer cells by activating the expression of DHX15 and its downstream signal pathway.

However, there are still some limitations in our study. We did not determine the mechanisms by which the CNPs increase the expression of DHX15 in gastric cancer cells. Further studies are needed to explore the underlying mechanisms.

Conclusion
==========

In summary, we found that CNPs inhibited migration of gastric cancer cells at both low and high concentrations, but suppressed cell proliferation at a high concentration only. We also found that CNPs performed this function by increasing the expression of DHX15. Our study suggests that CNPs have a potential to be used for gastric cancer therapy.
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![CNPs reduce migration and proliferation in gastric cancer cells in vitro.\
**Notes:** (**A**) After cells were cocultured with different concentrations of CNPs, migration was measured using Transwell assays. (**B** and **C**) The numbers of BGC823 and MKN28 cells in the different concentration groups were counted at five random locations and compared to the 0 µg/mL group. \*\*\**P*\<0.001, compared to the 0 µg/mL group. (**D**) The effect of different concentrations of CNPs on cell proliferation in vitro was measured using CCK-8 assays. Absorbance was read at 450 nm. \**P*\<0.05, compared to the 0 µg/mL group. Each data point represents the mean ± standard deviation (n=3). An unpaired *t*-test was used to analyze the data.\
**Abbreviation:** CNPs, cerium oxide nanoparticles.](ijn-11-3023Fig1){#f1-ijn-11-3023}

![The localization of CNPs in gastric cancer cells.\
**Notes:** TEM was used to analyze the localization of CNPs in gastric cancer cells. CNPs were localized in the lysosomes of gastric cancer cells, as the enlarged view show.\
**Abbreviations:** CNPs, cerium oxide nanoparticles; TEM, transmission electron microscopy.](ijn-11-3023Fig2){#f2-ijn-11-3023}

![CNPs increased the expression of DHX15.\
**Notes:** (**A**) GO analysis of the microarray data. (**B**) Pathway analysis of the microarray data. The red panel shows the most significantly altered genes. (**C**) The dendrogram of the microarray data. Red arrows indicate the most highly expressed genes according to an analysis of the results. (**D**) The expression levels of DHX15, EIF4G2, and TRIP12 in gastric cancer cells that were cocultured with different concentrations of CNPs. Levels were detected in both MKN28 and BGC823 cells using qRT-PCR. Each data point represents the mean ± standard deviation (n=3). \**P*\<0.05, compared to the 0 µg/mL group. (**E**) Western blot assays showing the expression of DHX15 in MKN28 cells. A gray value analysis shows each value in the blot. \*\*\**P*\<0.001, compared to the 0 µg/mL group. Each data point represents the mean ± standard deviation (n=3). (**F**) Western blot assays showing the expression of DHX15 in BGC823 cells. A gray value analysis shows each value in the blot. \*\*\**P*\<0.001, compared to the 0 µg/mL group. Each data point represents the mean ± standard deviation (n=3). Western blot assays showing the expression of DHX15 in MKN28 cells and BGC823 cells. A gray value analysis shows each value in the blot (E and F). \*\*\**P*\<0.001, compared to the 0 µg/mL group. Each data point represents the mean ± standard deviation (n=3). An unpaired *t*-test was used to analyze the data.\
**Abbreviations:** CNPs, cerium oxide nanoparticles; mRNA, messenger RNA; GO, Gene Ontology; EB, Epstein--Barr; qt-PCR, quantitative real-time polymerase chain reaction; Dif, different; Sig, signal.](ijn-11-3023Fig3){#f3-ijn-11-3023}

![Downstream effectors of DHX15 were activated when CNPs were added.\
**Notes:** (**A** and **B**) Western blot assay showing the expression of DHX15 in MKN28 and BGC823 cells, which were cocultured with 0.01 µg/mL and 10 µg/mL of CNPs. A gray value analysis shows each value of the blot. \*\*\**P*\<0.001, \*\**P*\<0.01, \**P*\<0.05 compared to the 0 µg/mL group, three times of biological replications were applied. (**C** and **D**) The phosphorylation status of p38 was detected in MKN28 and BGC823 cells. (**E** and **F**) DHX15 and p38 levels were detected in MKN28 and BGC823 cells using immunofluorescence. Each data point represents the mean ± standard deviation (n=3). (**G** and **H**) Cells were cocultured with 10 µg/mL of CNPs, but the incubation times varied. DHX15 levels were detected in MKN28 and BGC823 cells using Western blot assays, and the gray values were analyzed. Each data point represents the mean ± standard deviation (n=3). \*\**P*\<0.01, compared to the 0 µg/mL group; and \*\*\**P*\<0.001, compared to the 0 µg/mL group. An unpaired *t*-test was used to analyze the data.\
**Abbreviations:** CNPs, cerium oxide nanoparticles; DAPI, 4′,6-diamidino-2-phenylindole.](ijn-11-3023Fig4){#f4-ijn-11-3023}

![A high concentration of CNPs reduced tumor growth in vivo, but a low concentration of CNPs had no effect.\
**Notes:** (**A**--**C**) MKN28 cell suspensions (1×10^6^ cells) were cocultured with 0.01 and 10 µg/mL of CNPs and then injected into the right axillae of nude mice (black arrows). The same amount of untreated (not cocultured with CNPs) MKN28 cells were injected into the left axillae of nude mice as a control (white arrows). Tumors were harvested and visualized after 4 weeks. Then, tumor sizes and weights were measured. Each group contained five mice. \**P*\<0.05, compared to the 0 µg/mL group. (**D**--**F**) BGC823 cell suspensions (1×10^6^) that were cocultured with 0.01 and 10 µg/mL of CNPs were injected into the right axillae of nude mice (black arrows). The same amount of untreated (not cocultured with CNPs) BGC823 cells were injected into the left axillae of nude mice as the control (white arrows). Tumors were visualized and harvested after 4 weeks. Then, tumor size and weight were measured. Each group contained five mice. \**P*\<0.05, compared with 0 µg/mL. (**G** and **H**) The expression of DHX15 was detected in the collected tumors, which came from different groups. Each data point represents the mean ± standard deviation (n=5). \*\**P*\<0.01, compared to the 0 µg/mL group. An unpaired *t*-test was used to analyze the data.\
**Abbreviations:** CNPs, cerium oxide nanoparticles; NS, not significant.](ijn-11-3023Fig5){#f5-ijn-11-3023}

![CNPs inhibit GC cell metastasis in vivo.\
**Notes:** (**A**) Nude mice were injected with a suspension of BGC823 (MKN28) cells that had been cocultured with 0, 0.01 L, and 10 µg/mL of CNPs. Mice were euthanized after 6 weeks, and tumors were counted. The white arrows indicate tumors. (**B**) The number of tumors was counted in each group (0.01 and 10 µg/mL). Each group contained five mice. \*\*\**P*\<0.001, compared to the control group (0 µg/mL). The number of tumors was counted in BGC823 groups and MKN28 groups (**B** and **C**). Each group contained five mice. An unpaired *t*-test was used to analyze the data. Data are presented as mean ± SD.\
**Abbreviations:** CNPs, cerium oxide nanoparticles; GC, gastric cancer.](ijn-11-3023Fig6){#f6-ijn-11-3023}
